Abstract Forest stands in the semi-arid environment of northern Mongolia have an essential role in controlling ongoing desertification in the surrounding landscape. Over the last decade, the total forest area has decreased dramatically. The aim of this study was to evaluate the potential of natural regeneration as an essential element for ensuring sustainability of these forests. Based on field measurements from 120 plots in six sites, our assessment tool revealed five qualitative categories of forest regeneration, allowing us to assess impacts of both grazing and environmental conditions on the regeneration process.
Introduction
The forests of the Khentii Mountains of northern Mongolia are a transitional zone where the Siberian forest belt borders the Mongolian-Manchurian steppe, and represent a unique ecosystem in which the predominant tree species and land cover composition have largely remained unchanged (Mühlenberg et al. 2012) . The Khentii region is where the western Siberian dark taiga, dominated by Picea obovata Ledeb., Abies sibirica Ledeb., Pinus sibirica Du Tour and Larix sibirica Ledeb., meets the eastern Siberian light taiga composed mainly of L. Sibirica, Betula platyphylla Sukatschev and Pinussylvestris L. (Ermakov et al. 2002) . The vegetation structure in the Khentii region is strongly dependent on altitude and slope aspect (Hilbig and Knapp 1983) . The lower mountain zone at 900-1200 m a.s.l. Differs significantly from the upper mountain zone at 1200-1600 m a.s.l. (Hilbig and Knapp 1983) . The vegetation of this zone is dominated by dark taiga vegetation and the bottom mountain zone by light taiga vegetation (Mühlenberg et al. 2012 ). In the southern parts of Khentii, around the Terelj, Tuul, Barun Bayan and Dzun Bayan River basins, natural larch monocenoses (GIZ 2016) occur with mixtures of P. Sibirica and B. Platyphylla (Juřička et al. 2018) .
Unfortunately, Mongolian forests are negatively affected by human activities such as large-scale illegal logging, forest fires and overgrazing (Tsogtbaatar 2004; Batkhuu et al. 2011; Maasri and Gelhaus 2011; Sternberg et al. 2011) . The underlying principle of forest management represented by the reforestation of harvested areas as stipulated in Mongolian legislation, which requires that each harvested tree must be replaced by 10 or more seedlings; Mongolian Forest Law (2013) , is not currently being observed. Harvesting significantly exceeds the area reforested (FAO 2015) , which has resulted in a decline of the total forest area. Since 1990, total forest area in Mongolia has decreased by 28% (Batkhuu et al. 2011; FAO 2015) . As much as 80% of all timber is harvested illegally annually amounts to approximately 60,000 ha (Ykhanbai et al. 2010) . However, afforestation data is limited. For 2012, a total of 9,011 ha of wooded land was reported for Mongolia, 612 ha of which accounted for afforestation and 8,399 ha for reforestation (FAO 2015) . The high mortality rate of seedlings, which has been as high as 70% (Ykhanbai et al. 2010) , poses an additional problem. Mortality rates this high invariably threaten successful forest development. There may be two possible solutions for addressing this problem: (1) improve the quality of reforestation programs and reduce seedling mortality; or (2) utilize the natural regeneration capabilities of the forest as is common in other parts of the world. This second solution has the advantage of being more cost-effective.
Successful natural regeneration is essential for the sustainable development of forests (Lkhagvadorj et al. 2013 ). Long-term intensive livestock grazing however, can be fatal to forests as it impedes regeneration (Tsogtbaatar 2004; Sankey et al. 2006; Mookhor et al. 2013) . Centralized long-term forest grazing can stop forest regeneration for decades (Sankey et al. 2006; Mookhor et al. 2013) . Continued heavy grazing reduces litter accumulation, degrades soil structure and causes soil compaction, reduces water infiltration, leads to soil erosion, and can be a principal factor in overall vegetation changes (Belsky and Blumenthal 1997) . Long-term grazing can therefore significantly contribute to environmental desertification (Thomas and Middleton 1994) . On the other hand, there is a need to respect socio-cultural norm that Mongolia is a traditional nomadic country, and pasturing has been a basic factor of the Mongolian landscape. Moreover, in the new socio-economic setting, local inhabitants rely heavily on pastoral practices to survive; for a major portion of the Mongolian population, increasing the number of domesticated herd animals often represents the only option to avoid poverty.
Nevertheless, the pasture situation in this region has become very serious. Mongolia ranks among the five most overgrazed countries in the world (Asner et al. 2004) . A distinct boost in grazing pressure interlinks directly with changes made to the political regime, specifically to the transition in the early 1990s when Mongolia moved from a centrally planned economy into a market-based economy. The number of cattle increased dramatically after 2009 with an increase of 41% (Lkhagvadorj et al. 2013) , which translates into as much as 61.5 million head of livestock (Maasri and Gelhaus 2011; Mongolian Statistics Information Service 2017) . While sheep, goats, cattle, yaks and horses all graze freely in Mongolian forests, goats cause the most damage (Vallentine 2001) . Goats are bark strippers and highly selective browsers, which means they chose the most nutritious plants or plant parts, i.e., leaves and shoots. Up to 60% of a goat's diet can consist of tree and shrub forage (Mitchel and Kirby 1990) . Browsers like goats generally prefer seedlings and saplings, as these grow above the level of surrounding vegetation and are easily identifiable. Whether or not these browsers decide to consume this vegetation, they damage young trees up to a height of two metres (Vallentine 2001) . This means that for saplings, grazing is particularly destructive (Mitchel and Kirby 1990) . The proportion of goats to the total livestock population is 42%, almost 26 million animals (Erdenesan 2016) .
Forests in the Khentii Mountains grow almost exclusively on soils where permafrost occurs (Gravis et al. 1974) and permafrost is the main source of water for vegetation (Sharkhuu 2003) . A strong relationship exists between permafrost and forest canopy cover in that they influence each other. Hence, the degradation of forest stands leads to the degradation of permafrost and vice versa (Genxu et al. 2012) . Because of this, forest stands play an irreplaceable role in protecting water resources and the surrounding landscape against desertification (Sankey et al. 2006) .
Effective protection of forests requires quantification of damaged seedlings and saplings compared to the total number. This is specific to the location of different forest areas, characterized by different environmental conditions, and the tree species involved (Reimoser et al. 1999 ).
An objective of this study was to assess natural regeneration processes in areas of the Khentii mountain massif subjected to intensive nomadic pasturing. Specifically, we aimed to: (1) suggest qualitative classes of regeneration reflecting grazing pressure on forest stands; and (2) assess the physical environment influencing regeneration.
Methods and materials

Study area
Six sites differentiated by levels of grazing intensity were selected: Goricho, Terelj, Barun Bayan, Dzun Bayan, ''North 1'' and ''North 2''. The research was carried out in July-August 2015 and over the same period in 2016. The study area in the Khentii Mountains represents a transition between the Siberian taiga and the Mongolian-Manchurian steppes (Fig. 1) in the Trans-Baikal province (Mühlenberg et al. 2012) . The composition of woody species for each study site is shown in Table 1 .
The Goricho site is located 30 km northeast of the capital city of Ulaanbaatar. It is covered by the mountain forest-steppe of the Gorkhi massif (1540-1915 m a.s.l.) . It is the southernmost of all sites studied and the closest to the Gobi Desert. Forest ecosystems in this area are in poor condition and there is particularly high tree mortality (Juřička et al. 2018) . Due to the proximity of Ulaanbaatar and Nalaikh (south, approx. 10 km), this site is exposed to strong anthropogenic pressures such as intensive pasturing.
The Terelj site is about 35 km northeast of Ulaanbaatar, just northeast of the Goricho site and has a similar ecosystem composition. The eastern edge of the Terelj site gradually transitions into a continuous steppe and consists of numerous valleys with periodic watercourses (1614-2135 m a.s.l.). Intensive pasturing occurs here.
The Barun Bayan site is approximately 58 km northeast of Ulaanbaatar in a wide valley of the same name watercourse; it also includes small side valleys. This site is a transition between the mountain forest-steppe and continuous light taiga (1626-1923 m a.s.l.). The ecosystems of the Barun Bayan site can be characterized as undamaged. Forest pasturing of livestock only takes place seasonally, and in sparsely populated wintering grounds for nomadic groups where small-scale logging is sporadic and selective. These practices primarily stem from the need for raw material for constructing and repairing these settlements and for basic firewood needs.
The 
Climate
The climate in northern Mongolia is continental semi-arid and characterized by very low precipitation. Maximum average annual rainfall generally reaches 400 mm, with most occurring in the summer months between June and August (Marin 2010) . Day and night temperatures for the study areas fluctuate considerably, with minimal average temperatures falling as low as -50°C (Batkhuu et al. 2011 ).
Geology
The study sites Goricho, Terelj, Barun Bayan and Dzun Bayan consist mainly of coarse-grained alkaline granites of Mesozoic age. Structurally, they belong to the Khentii synclinorium where slightly metamorphosed and significantly silicified, fine-grained terigennic sediments dominate. For the North 1 and North 2 sites, sedimentary rocks dominate over igneous rocks.
Data
Twenty plots (10 9 10 m) were selected and marked in each of the study sites (Kooijman et al. 2000; Bellingham et al. 2016) , for a total of 120 plots. Initial site selection was based on detailed ground mapping data collected in 2014. The sampling design was based on a subjective approach; specific sampling points were identified directly in the field to represent the broadest spectrum of natural topographical conditions, in particular, position on the slope and slope aspect, typical for a given locality. Grazing pressure gradients for the Goricho and Terelj sites fell within the range of heavy to very heavy according to Reimoser et al. (1999) classification. Grazing intensity for these sites was classified as code 4 according to Ludwig et al. (2014) classification. Sites with low levels of grazing pressure (Barun Bayan, Dzun Bayan, North 1 and North 2) were sites that primarily acted as wintering grounds for livestock with only sporadic grazing. In winter months, animals here remain within fenced areas where hay is made available. Grazing pressure gradients for the Barun Bayan, Dzun Bayan, North 1 and North 2 sites ranged from light to none, according to Reimoser et al. (1999) classification. Grazing intensity for these sites were classified as code 1 or code 2 according to Ludwig et al. (2014) classification.
Vegetation data
Dendrological and dendrometric mapping records and regeneration measurements were taken on each plot (Table 1 ). The basal area (BA) was calculated from each tree diameter using the formula 0.0007854 9 diameter at breast height 2 (Hédl et al. 2009 ). Stand basal area (SBA, m 2 ha -1 ) was the sum of BA from all plots and then converted to a one-hectare area. To assess the level of damage of regenerated stands, browsing on side branches and terminals, together with combined side and terminal browsing, were recorded for each stand.
Seedlings ( \ 137 cm) and saplings (137-200 cm) were measured with a folding meter, and seedlings were further categorized into four height categories ( \ 10, 10-29, 30-99, 100-136 cm; Acker et al. 2017 ). The number of individuals.ha -1 was obtained by the sum of all individuals from all plots in a specified site (2000 m 2 in total), which were then transferred to a one-hectare area.
Environmental data
Data on aspect, slope position and altitude were obtained from GPS device Garmin 62 st. Soil moisture was measured at each plot using a Z-metre III based on the principle of electric impedance spectrometry (EIS). Aspect in azimuth degrees was corrected for magnetic declination and converted for the aspect value (the scale 0-1 as a measure of radiation).
Electrical Impedance Spectrometry measurement
For the analysis of soil-fluid systems, EIS provides kineticmechanical information using a variety of techniques and output formats. EIS is recognized worldwide as an accurate method for measuring soil moisture (Kaya and Fang 1997; Yuan et al. 2010) .
Electrical impedance Z is the basic parameter characterizing electrical alternating-current circuits where electrical resistance R (X.m) is measured, corresponding e.g., with temperature and water content (characterizing the soil property), which is a frequency-dependent part of electrical impedance (Kanoun 2011; Pařílková and Radkovský 2011; Callegaro 2012) .
Soil moisture measurement for each of the 120 experimental plots involved five separate measurements (corners and the centre of the plot) after three repetitions with one measurement at a frequency of 4000 Hz. In total, 600 measurements were carried out from 2015 to 2016. These were timed to be taken before the rainy season (July) when climatic conditions were expected to be similar for all sites, i.e., unaffected by rainfall. Due to the high rock fragment content of local soils, and thus a higher risk of error (Juř-ička et al. 2014) , vertical soil characterization measurements were taken from 10-20 cm within the soil profile (A horizon) using a paired probe. All study sites exhibited very similar soil physical properties for the A horizon, notably in skeleton content. In specific pedological and hydrogeological settings characterized by high skeletal content in B and C horizons, a factor of fissure permeability of granites, with permafrost as an impermeable bedrock at the time of measurement, water from the thawing permafrost is the only source of groundwater. Therefore, it is the sole factor in moistening of surface soil structures; as such, using the EIS measurement method applied to the A horizon is an effective way to detect the degree to which soil moistening has occurred, and consequently explains higher groundwater content.
Categorization of forest regeneration
Regeneration quality categories have been suggested for the qualitative assessment of the individual height categories (10-29 cm, 30-99 cm, 100-136 cm and 137-200 cm). The values for the individual height categories of regeneration quality categories are based on the data from the study sites. Each regeneration quality category was based on the sum of L. Sibirica and P. Sibirica regeneration individuals in the relevant height categories. L. Sibirica and P. Sibirica were selected for the assessment tool of forest regeneration as these are late successional species. In southern Khentii, these species form healthy and steady stands considered to be essential elements allowing the functioning of an active permafrost layer and its cycles of thawing and freezing (Tutubalina and Rees 2001; Bohannon 2008; Genxu et al. 2009 Genxu et al. , 2012 Kokelj et al. 2010 ). The North 1 site was excluded as a background for categorization because it was partially influenced by fire, affecting the spatial structure of the forest. This site, therefore, does not fit into a required late successional profile. It is mentioned as an example of how natural disturbances can affect height structure of natural regeneration. Natural disturbances need to be considered when evaluating the stands.
To interpret the analysis of vegetation structure, the data needed to be combined with other factors. Therefore, criteria were established to define grazing pressures and crucial regeneration inhibitors, grazing being one factor. This allowed us to consider if grazing was carried out throughout the year or only seasonally as part of wintering activities, methodically supported by Reimoser et al. (1999) or Ludwig et al. (2014) . Account was taken of known vegetation characteristics, either individual or combined, reflecting specific levels of grazing pressure.
Data analyses
Data were checked using the ExcelÒ program. The Kruskal-Wallis ANOVA test, a statistical method for data with abnormal distribution was used to determine a significant difference (p \ 0.05) between the height categories of L. Sibirica and P. Sibirica; the analysis was performed using the Statistica 10.4.1Ò program.
The dataset comprised heterogeneous variables/factors; vegetation, grazing pressure and environmental factors. For such a complex set, wherein predictors (grazing, environment) are combined with responses, multivariate analyses were used to (1) order the data, and (2) subjectively test suggested groups. The principal component analysis (PCA) was used for ordering two datasets: a full set with vegetation, grazing and environmental factors and a reduced set without vegetation data in order to strengthen the environmental influence. The data were centralized and standardized, and an orthogonal rotation was opted to get independent, mutually uncorrelated principal component (PC) gradients. The factors were transformed with |skew-ness| [ 1 to be close to multivariate normality and dropped one of the highly correlated factors (r [ 0.7). The dataset was then checked for outliers. Significance of PCs was tested using a Monte Carlo randomization test with 1,000 runs. The linear (parametric Pearson's r) and rank (nonparametric Kendall's tau) correlation coefficients (loadings) were calculated as relationships between the ordination scores (axes) and the environmental factors. The threshold was set for r and tau [ 0.4 (e.g., Hair et al. 2013 ). It was assumed there would be a significant influence of soil moisture on regeneration performance. Variance in soil moisture among the sites was tested using the KruskalWallis test.
The suggested qualitative categories of natural regeneration were tested using the RandomForest classification (RF) algorithm (Breiman 2001 ). This supervised machinelearning technique can handle highly heterogeneous data, both continuous and categorical variables/factors. We then: (1) discriminated among qualitative categories, and (2) identified factors significantly associated with these categories (important factors). The full dataset was again run and reduced one without vegetation data in order to strengthen the environmental influence. Results were produced for all height categories. Important factors were ranked in the RF variable importance analysis (parameter importance) according to Mean Decrease Accuracy (MDA). For the machine-learning training (to grow a 'forest'), ntree = 1,000 (a number of trees as a function in R) was used and mtry = 1, 2, 4, 6, 8, 10 (a number of variables randomly used at each split; Liaw and Wiener 2002) .
Results
Distribution of natural regeneration by tree species L. Sibirica, B. Platyphylla, P. Sibirica, P. Obovata, P. Tremula and Sorbus aucuparia ssp. Sibirica (Hedl.) Krylov were found as natural regeneration on the study sites (Table 2) . L. Sibirica, B. Platyphylla and P. Sibirica regeneration was recorded for all sites. L. Sibirica predominated in a sum of regeneration from 42% at the North 2 site to 99% at the Terelj site. P. Sibirica was less common and reached a maximum of 47% of the sum of regeneration for the North 2 site, with an overall average of 12%. B. Platyphylla regeneration ranged from 0.2 to 18% (average 6%).
Study site differentiation by grazing pressure
A sum of frequencies of seedlings and saplings for dominant late successional species L. Sibirica and P. Sibirica showed differences in height categories across all sites. The highest forest regeneration sum was found on the undamaged (little grazed) site of Dzun Bayan. High values were also recorded on the undamaged (also little grazed) North 1 and North 2 sites. Mid-range to lower values were recorded on the Barun Bayan site. The damaged (heavy grazed) sites of Goricho and Terelj showed the lowest regeneration values across height categories (Fig. 2) .
Grazing pressure gradients are shown in Fig. 2 . A clear difference is visible between the undamaged Dzun Bayan site with optimal values of regeneration and the more damaged sites, Terelj and Goricho. In most cases, the undamaged sites exhibited higher numbers of individual tree regeneration than the damaged sites ( Table 2 ). The Barun Bayan site showed a significant difference only in the total amount of regeneration, which indicates that this site differed from the other sites, damaged or undamaged, as being transitional.
Site differentiation by grazing damage was statistically proven. The results in Table 3 serve, in part, as a basis for specifying the qualitative categories which shows significant differences between damaged and undamaged sites (Table 4) . Table 4 is a tool which allows the evaluation of the level of successful natural regeneration. As a limit to signal a problem, we considered the value \ 380 individuals.ha (Table 4) .
Environmental context
The PCA ordination of the full dataset (120 plots, 27 vegetation, grazing pressure and environmental factors), resulted in four significant PCs (p = 0.001), explaining, -0.4 ). PC2 was interpreted as a gradient of the latitudinal distribution of P. Sibirica without any association with a grazing pressure. PC3 was associated only with two environmental factors (slope position: r = -0.4, grazing: r = -0.4, tau was not produced because of a categorical character of the factors). PC3 was interpreted as a topography gradient without any association with a grazing pressure. Additional environmental factors such as elevation, aspect and EIS were not significant in PCA. The PCA ordination of the reduced dataset (120 plots, 10 grazing pressure and environmental factors) resulted in four significant PCs (PC1, 2: p = 0.001; PC3: p = 0.006; PC4: p = 0.004) explaining, respectively, 33, 20, 13 and 12% of the total variance. The most important principal component (PC1) was associated with grazing pressure (total damaged numbers except Pinus: r [ -0.5, tau [ -0.5; grazing: r = 0.9, tau was not produced because of a categorical character of the factor) and spatial latitude and longitude factors (r [ -0.8, tau [ -0.5). PC1 was interpreted as a geographical grazing pressure gradient. PC2 was associated with grazing pressure (total damaged numbers except Pinus: r [ 0.7, tau [ 0.5) and the slope position (r = 0.4, tau was not produced because of a categorical character of the factor). PC2 was interpreted as a topography gradient without any association with grazing. PC3 was associated only with two environmental factors (EIS: r = 0.7, tau = 0.5; slope position: r = 0.6, tau was not produced because of a categorical character of the factor). PC3 was interpreted as a soil moisture gradient without any association with a grazing pressure. Additional environmental factors such as elevation and aspect were not significant in PCA. Soil moisture was also analysed separately as it was assumed to be an important environmental factor affecting the quality of regeneration. The Barun Bayan site showed the highest resistance, i.e., potentially the lowest soil moisture across all sites. This was confirmed by the Kruskal-Wallis ANOVA test that showed a significant difference between the North 1, North 2, Dzun Bayan, Terelj and Goricho sites and the Barun Bayan site (Fig. 3) . The Barun Bayan site, effectively, can be classified as the driest of all sites.
The results of the PCA reduced dataset, PC3 in particular, where the influence of the environment was strengthened by suppressing vegetation data, corresponded with the separate analysis of soil moisture. EIS representing soil moisture proved to be a significant factor (Fig. 3) but showed a weak association with grazing pressure.
Classification of the full dataset (120 plots, 27 factors) supervised by the five qualitative categories revealed a general misclassification error of 3, 7, 2 and 3% for the four height categories, respectively (mtry = 10, ntree = 1000). Classification of the reduced dataset (120 plots, without vegetation factors) supervised by the five qualitative categories revealed a general misclassification error of 56, 46, 27 and 21% for the four height categories, respectively (mtry = 2 -5, ntree = 1000).
The RF variable importance (based on Mean Decrease Accuracy) for the full dataset ranked all factors and pointed to vegetation and grazing pressure (damaged amounts, grazing) factors as the most differential among the qualitative categories in the height category 10-29 cm (Fig. 4a) . The environmental factors were not significant, but their increasing importance status was positively correlated with older regeneration (the height categories 4 and 5). The vegetation and grazing pressure factors were better predictors of the qualitative categories than the environmental factors. Results were similar for additional height categories, not presented here.
The RF variable importance for the reduced dataset ranked all factors and pointed to the grazing pressure (damaged amounts, grazing) factor as the most differential among the qualitative categories in the height category 10-29 cm. (Fig. 4b) . The environmental factors were not significant, however, a general result (misclassification error of 56%) of this RF run is too high for reliable discrimination among qualitative categories.
Discussion
Analytical findings
Two dominant late successional species L. Sibirica and P. Sibirica were selected, together with relevant vegetation, available grazing pressure and environmental data collected for the evaluation and categorization of natural regeneration of southern Khentii forests.
Both PCA ordinations, for the full and reduced dataset, revealed the same result: grazing pressure factors are not significantly associated with the environment factors. RF classification results were consistent with PCA results. As in PCA, there is a weak association of the physical environment with grazing pressure. However, results showed this assocoation improves towards late stage regeneration. If regeneration has been successful through long-term grazing (30-40 years), it is likely that the regeneration process would resist more severe environmental fluctuations such as drought. On the other hand, the separate soil moisture (EIS) analysis revealed significant differences among the study sites (Fig. 3) , implying that factors responsible for soil moisture content might potentially influence overall forest regeneration performance. This result was supported by the significant PC3-soil moisture/topography gradient in PCA for the reduced dataset where the vegetation information was ommited and a regeneration effect was damped down.
Interestingly, analysis of the data did not show a significant association between the physical environment and the quality of regeneration of L. Sibirica and P. Sibirica. This does not necessarily signal that the physical environment has little influence on balanced stand conditions. We would suggest, rather, that abnormal or stress conditions, such as overly intensive grazing, will mask other potential influences like solar radiation, elevation gain, or slope gradient.
Study site situation
An assessment tool proposed in this study is based on the data obtained from the sites with particurally defined environmetal and grazing pressure factors that are essential for forest development in the southern Khentii massif. It provides support for evaluation of forest stands in a forestry and nature conservation practice, and can serve as a reference material for further research.
The experimental sites were categorized into five levels describing the quality of forest regeneration (Table 4) . The regeneration values in the height categories of the ''very good'' and ''good'' quality categories were based on a natural regeneration status of the undamaged Dzun Bayan and North 2 sites. Specifically, the ''very good'' category is defined as the highest level of natural regeneration from the Dzun Bayan site. The values within the ''good'' quality category were assesed on a level of regeneration at the Fig. 4 Random Forests variable importance analysis of the full dataset (a) and Random Forests variable importance analysis of the reduced dataset (b). L is Larix, P is Pinus individual regeneration amounts, digits represented the height category, damag is total damaged regeneration individual amounts, undamag is total undamaged regeneration individual amounts, lat is latitude, long is longitude, elev is elevation, av is aspect value, slope.pos is slope position, dead.trees is number of dead mature trees, bas.area is basal area, grazing is grazing pressure; grazing is grazing pressure)
Evaluation of natural forest regeneration as a part of land restoration in the Khentii… North 2 site. The height categories in the ''average'' category are based on the Barun Bayan site values. This category refers to a transitional situation with only moderate forest regeneration. No significant differences between the Barun Bayan site and the rest of the study sites were found, with the exception of the Dzun Bayan site (Table 3) . The values within the height categories of ''sub standard'' and ''poor'' categories are based on a level of regeneration at the Terelj and Goricho sites, where forest regeneration virtually did not occur ( Table 2) .
The number of individuals characterizing each regeneration quality category decreases with the increasing height category, with exception of the 137-200 cm category. The values in the 137-200 cm category are higher than in the 100-136 cm category. This phenomenon can be caused by stagnation of saplings growth due to intraspecies competition for resources, especially light (Mookhor et al. 2013 ). Further research is needed in this topic.
The number of individual trees identified and categorized in this study differs significantly from the National Forest Inventory of Mongolia (GIZ 2016). For non-protected areas (NPA), GIZ (2016) records a sum of regeneration for L. Sibirica, P. Sibirica and P. Sylvestris (height category 10-50 cm) as 1,799 trees ha
, and 3527 individuals.ha -1 for protected areas (PA). In the height category 50-150 cm, this report lists some 2585 individuals.ha -1 for NPA and 2,478 individuals.ha -1 for PA. In the height category 150 cm-5.9 cm DBH, 2073 individuals.ha -1 for NPA, and 2443 individuals.ha -1 for PA were recorded. Despite the fact that height categories used in this study differ from those used for the National Forest Inventory (NFI) data, the GIZ 2016 report listed a higher satisfactory level of regeneration for the sum of all trees studied; in our study, the same data would correspond to ''very good'' natural regeneration. NFI information, however, is far too general to be useful here, notably because the portion of the Khentii region (2,500,000 ha; Ludwig et al. 2014 ) as a study area is prohibitively large, and the range of height categories (10-50, 50-150 cm) is too broad. The structure of the GIZ study did not allow for the identification of specific factors that negatively affect forest regeneration and development. The problem is that the ''high'' forest regeneration reported in the GIZ (2016) data may give the impression that the current situation in the Khentii region is trouble-free. Importantly, it fails to address the fact (confirmed by this study) that sustainable natural regeneration is virtually non-existent in forests on the southern border of the Khentii Mountains.
Height categories, especially when assessing regeneration in mature forests as supported by the RF analysis, need to be assessed separately. A combined assessment of seedlings and saplings on a given site without considering height differences can be misleading; regeneration levels measured as ''very high'' may incorrectly indicate that the stand is undamaged. Separating the number of evaluated seedlings into specific categories allows for the identification of specific site disturbances.
A relevant example from the present study is the case of the Barun Bayan site characterized as a relatively undamaged forest. This site is exclusively used as a wintering site and logging is small-scale, sporadic and selective. Grazing pressure in this area has been classified as light to nonexistent; dendrological assessment showed mature trees to be in good health (Juřička et al. 2018) , and yet the locality demonstrated only ''average'' to ''sub-standard'' levels of natural regeneration. This is a case where additional factors besides grazing may be responsible for less than optimal regeneration. The Barun Bayan site was statistically proven to have the lowest soil moisture in the upper soil layers when compared to all sampled areas (Fig. 3) . Water in semi-arid regions is a basic determining factor in the overall health of forest stands (Yang et al. 2006; Dulamsuren et al. 2009 ), and influences the structure and vegetation distribution of a given landscape (Genxu et al. 2012; Anenkhonov et al. 2015) . L. Sibirica seedlings require particularly high soil moisture to survive, and consequently are particularly vulnerable to drought, the primary cause of their increased mortality (Oswald and Neuenschwander 1993) . Climate change has had a particularly devastating effect in Mongolia which can be seen in the extreme case of aridization of the natural landscape (Lioubimtseva et al. 2005; Sato et al. 2007; Marin 2010; Oyuntuya et al. 2015; Juřička et al. 2016) . As developed further by Dulamsuren et al. (2010) , desiccation of the forest-steppe ecosystems causes severe complications impacting both growth and productivity of L. Sibirica. In Barun Bayan, it is precisely low soil moisture content which is the main factor of L. Sibirica seedling mortality and poor growth (Fig. 3) .
Both the Goricho and Terelj sites had particularly low numbers of seedlings and saplings, with regeneration levels ranging from ''average'' to ''poor'' in all height categories. These low levels appeared to be mainly due to a combination of heavy grazing and generally poor forest health conditions, most noticeable on the Goricho site (Juřička et al. 2018) .
The Goricho site presented the clearest demonstration of the effects of intensive grazing, from heavy to very heavy grazing intensity levels. In addition, there was high mortality, up to 100% (Juřička et al. 2018) , of mature L. Sibirica and the lowest overall SBA (L. Sibirica ? B. Platyphylla, 16 m 2 ha -1 ). Loss of moisture as a seedling inhibiting factor can be excluded for this particular site, given that there were no significant differences in soil moisture among the undamaged sites with high forest regeneration in North 2 and Dzun Bayan and Goricho (Table 4 , Fig. 3 ). Sufficient soil moisture and a loose crown canopy allowed for the development of vast, continuous and dense cover of Chamaenerion angustifolium ssp. Angustifolium L. (fireweed), or a continuous and dense shrub layer with a Rosa acicularis Lindl. Dominance in degraded parts of Goricho forests (Fig. 5) . Coverage of fireweed and shrubs on the plots reached 80 to 100%. At differently degraded areas in the Khentii massif, fireweed is quite common, especially on burned sites and in otherwise degraded forests with high L. Sibirica mortality. L. Sibirica seedlings are highly light demanding; they do not withstand shade which causes increased mortality by preventing growth (Oswald and Neuenschwander 1993) . Fireweed can grow as high as 30-180 cm, with a reported exception of 270 cm (Fleenor 2016) , while shrub layers may reach 50-100 cm; therefore, it is assumed that continuous, dense herbaceous and shrub cover inhibited L. Sibirica seedling growth on a number of plots by causing excessive shading. On plots where the forest was in better health, with reduced shrubs or fireweed cover, seedling growth was largely inhibited by grazing.
Due to mortality of mature trees capable of reproduction, it is assumed that there will be a significant decrease in natural regeneration potential in isolated forest fragments of the mountain forest-steppe. With a low number of seedlings, there is an increased risk of damage by grazing. The current situation can lead to a total inhibition of stand regeneration, and in conditions of ongoing climate change (Lioubimtseva et al. 2005; Sato et al. 2007; Marin 2010; Oyuntuya et al. 2015) , can result in forest decline followed by desertification.
The state of forest regeneration at the Terelj site was the poorest of all surveyed sites. Interestingly, insufficient moisture levels for the site did not prove to be a significant factor (Fig. 3) . Mature L. Sibirica trees were classified as healthy, with some visible reduction in vitality with small deviations from the optimum and the presumption of a long-term existence (Pejchal and Š imek (2012) unpublished data). Additionally, no significant mortality was observed on the site. However, the Terelj site is subjected to year-round heavy to very heavy grazing intensity. Again, grazing can be considered as the primary cause of a noticeable absence of more seedlings, especially in higher height categories.
A potentially more favourable, but also unsatisfactory, situation was described by Mookhor et al. (2013) in which a site contains a high number of seedlings within the 10-19 cm category and fewer individuals in higher categories. This scenario is seen in areas where grazing occurs throughout the year. High differentiation of height categories dominated by seedlings within the 10-19 cm category can generally be attributed to the food preferences of livestock, specifically of goats. Goats selectively graze unwanted vegetation in pastures and forests and can consume lower quality food or needles of conifers up to 220 cm tall. Generally, they prefer to feed at eye level and upward where taller seedlings and saplings are found (Child et al. 1992) . Sankey et al. (2006) and Mookhor et al. (2013) showed an absence of successful regeneration of L. Sibirica, growth from sapling to mature tree, which persisted over three decades in intensively overgrazed sites. On the other hand, in the case of good reproduction of mature trees, represented by high numbers of seedlings in lower height categories, there is a high chance of successful reforestation when the grazing pressure has decreased.
The North 1 site reflects the importance of natural disturbances in a landscape and their impact on forest regeneration. Excluding the influence of environmental factors and the impact of grazing pressure (Fig. 4a, b) , the absence of individuals in the 137-200 cm height category and their low numbers in the 30-99 cm and 100-136 cm categories, in contrast to a high numbers in the 10-29 cm category, indicates that there had been a recent fire in this area, about 10 years ago. Evidence of this fire has been Evaluation of natural forest regeneration as a part of land restoration in the Khentii… observed locally during fieldwork, however, the extent of the fire and its influence on undergrowth vegetation in a late successional forest was found after the data analysis. This height structure is a consequence of natural dynamics of the boreal forest (Bondarev 1997) .
Basic postulates
Our findings and evaluation of natural forest regeneration can be applied specifically to the forest stands of southern Khentii mountain forest-steppe as a transitional zone to the continuous light taiga-the region most seriously threatened by climate change and aridization (James 2011) .
If a site shows signs of excessive grazing, not only grazing can be considered as the main factor adversely affecting successful regeneration, it will camouflage the effects of other factors associated with the environment.
If a site shows no signs of excessive grazing and yet there is no successful regeneration, the soil moisture condition is likely to change or has only recently changed.
For data collection, it is recommended to select as many experimental plots as possible (measuring at least 20 10 9 10 m plots) on the site, precisely defined geographically, by grazing pressure and natural environmental conditions. The plots should be distributed so that each includes the broadest spectrum of natural conditions within the site. The total number of seedlings and saplings within height categories should be standardized to one hectare, and each category should be assessed using Table 4 . Site differentiation by grazing pressure facilitates either highlighting or excluding effects of heavy grazing.
Efforts to develop sustainable forestry and identify solutions to ongoing environmental issues in Mongolia currently lack appropriate legislation and reliable field survey data. The system we have suggested here for categorizing and qualitatively evaluating natural forest regeneration (Table 4) could serve as a basis to inform decisionmaking directed towards designing and implementing land protection and restoration action. It may aid in identifying specific regions strongly affected by grazing pressure or areas where natural environmental conditions are undergoing particularly dramatic changes. To develop approaches for detecting and overcoming negative situations, the need for long-term site monitoring and research is not only necessary but urgent. This study underlines the importance of protecting forest stands, e.g., by fencing, and systematically respecting accepted decisions relevant to forest sustainability such as establishing spatial boundaries to limit both grazing pressure and livestock density.
Conclusions
This study provided an evaluation of natural regeneration fundamental for the future of Mongolian forests. Based on a qualitative approach to field measurement, we have developed an assessment tool for evaluation and categorization of natural forest regeneration. Seedlings and saplings were classified into five qualitative categories by number of individuals in relevant height categories. Grazing is a fundamental factor adversely affecting successful forest regeneration, and can camouflage additional negative effects driven by environmental factors such as drought. Nevertheless, it has been shown that low soil moisture levels can locally affect successful forest regeneration.
Site differentiation, using grazing pressure as a qualitative measure, allows for the identification and interpretation of conditions which are not conducive to forest regeneration within a particular site, i.e., by identifying or eliminating effects of excessive grazing and changes to soil moisture levels (such as drought).
This study provides the groundwork to inform future decision-making related to land protection and restoration actions, and a valuable basis for comparison for further mapping of Mongolian forests.
